INTRODUCTION
With the availability of histopathologically defined tumor progression models, it has become of key interest to identify important biological changes in the cell that are responsible for the development of the various tumor progression stages. Some insights came from the identification of activated oncogenes or inactivated tumor suppressor genes. To understand how these activated or inactivated tumor genes alter the complex cellular signaling and thus drive tumor progression, gene expression analyses of normal cells and their corresponding carcinoma precursor and carcinoma cells are crucial. Currently, gene expression analyses at the level of single candidate genes or broader expression analysis approaches, such as serial analysis of gene expression (SAGE) and microarray technology, are being used to reach this goal. It is expected that this knowledge will ultimately help not only to define new therapeutic target genes and prognostic gene expression patterns, but also to identify new (early) diagnostic markers.
To be able to analyze the expression profile of distinct histological cell types within a complex primary tissue, a method to isolate the cells of interest is needed. Microdissection using laser capture or manual techniques has been successfully used to produce such highly enriched cell preparations. Because the number of cells available through microdissection is limited in most instances, the amount of RNA that can be obtained from these samples is not sufficient for standard gene expression profiling protocols. In order to generate gene expression profiles from microdissected cells, it is necessary to amplify the amount of starting material, either by T7-based RNA amplification or by PCR amplification of the cDNA. The linear amplification of RNA by in vitro transcription, as introduced by Eberwine et al. (1) , has been shown to result in less amplification bias than the PCR amplification of cDNA (2) and has been successfully applied for the gene expression profiling of microdissected cells using microarray technology (3) (4) (5) .
An inherent limitation of microarrays is their ability to identify only predefined transcripts present on the array. SAGE, in turn, is a powerful alternative for performing expression analyses without prior knowledge of the genes to be identified (6) . This technique creates gene expression profiles by generating libraries of short cDNA sequence tags, each tag representing an mRNA transcript. The gene expression profile is generated via concatenation, cloning and high-throughput sequencing of the tags (6) . SAGE libraries have been widely used to study the genetic changes underlying the transformation from normal to cancer cells [for review see (7)]. A systematic analysis of publicly available SAGE tags has recently shown that a significant proportion of tags likely represent unknown genes or new isoforms of known genes, indicating that SAGE is truly complementary to current microarray technology (8) . In addition, the recent introduction of longSAGE, a SAGE variant that produces 21 bp tags, instead of the 14 bp tags obtained from conventional SAGE libraries, further increases the reliability of the SAGE tag sequence to gene annotation. In addition, the 21 bp longSAGE tags can be used directly as primers for the isolation of novel transcripts using PCR technology (9) .
Only few modifications of the current SAGE technology have so far been published that enable SAGE to be applied to <5 · 10 4 cells, a prerequisite for using SAGE for microdissected tissues. Two methods, PCR-SAGE (10) and SAGE-lite (11), rely on PCR amplification of the cDNA at the beginning of the SAGE procedure. A third method described by Schober et al. (12) requires an additional ditag PCR-amplification step. In all the cases, PCR amplification is likely to introduce a bias in the resulting expression profile (2, 13) .
The recently published small amplified RNA-SAGE approach (14) uses a modified protocol for T7-based RNA amplification that, in contrast to the Eberwine protocol, yields amplified sense RNA. The amplified RNA is then processed according to the standard SAGE protocol.
Here, we present a modification of the SAGE protocol which is the first to allow the direct use of amplified antisense RNA (aRNA) generated by means of the well-established and validated Eberwine protocol for SAGE library generation. Starting with as little as 40 ng of total RNA or 1.2 mg aRNA, we used a modified first and second strand cDNA synthesis strategy to successfully generate several longSAGE libraries from cultured cells and from 2000-3000 manually microdissected cells derived from normal pancreatic ducts, acinar cells and from PanIN lesions.
MATERIALS AND METHODS

Microdissection
Pancreatic resection specimens were immediately placed on ice, and tissue from the carcinoma, the peritumoral parenchyma and from the resection margin was removed, snap frozen and stored at À80 C. For the identification of acini, normal ducts and PanINs, 5 mm frozen sections prepared from tissue blocks of peritumoral pancreatic parenchyma, in particular tissue from the resection margins, were placed briefly in RNase-free ethanol (Merck, Darmstadt, Germany), stained with hematoxylin and eosin (H&E) and subsequently diagnosed by a pathologist (J. L€ u uttges and G. Klöppel). PanINs were classified according to published criteria (15) . Tissue blocks containing the required cells were then serially sectioned. The slides were stained with H&E and immediately stored at À20
C. PanIN lesions from the stained 10 mm serial sections were manually microdissected under a microscope (BH2, Olympus, Wetzlar, Germany) using a sterile injection needle (size 0.65 · 25 mm, Fa. Braun, Melsungen, Germany). Manual microdissection was chosen because for this study the procedure was easier and faster than using the laser capture microdissection system (Arcturus PixCell II) available at our institute. Medium-sized interlobular ducts were preferably chosen in order to avoid contamination by the acinar tissue. Microdissected cells were sampled in a 100 ml reaction tube (Sarstedt, N€ u umbrecht, Germany) containing 50 ml extraction buffer (Arcturus, Moerfelden-Walldorf, Germany) and placed on ice. From step-sectioned lesions of the various cell types (PanIN-2, normal ductal epithelium and acinar cells), $2000-3000 cells were collected and pooled. Each cell pool contained cells from five to seven different cases. 
RNA isolation and amplification
Micro-longSAGE library production
To validate our aRNA-longSAGE protocol, standard MicrolongSAGE libraries with 100 mg total RNA as starting material were generated from two cell lines (HeLa and Caco-2).
Micro-longSAGE library generation was carried out according to the MicroSAGE protocol version 1.0e (which can be obtained from http://www.sagenet.org/protocol/ index.htm) adapted to the longSAGE protocol published by Saha et al. (9) , except for some modifications.
The RNA sample was adjusted to a final volume of 100 ml with DEPC-H 2 O and mixed with 200 ml Dynabeads Oligo(dT) 25 (Dynal Biotech, Hamburg, Germany) that had been resuspended in 100 ml binding buffer (Dynal Biotech). Oligo(dT) beads and total RNA were incubated for 5 min at room temperature rotating on an overhead shaker. The beads were washed once with 200 ml of washing buffer A (Dynal Biotech), twice with 200 ml of washing buffer B (Dynal Biotech) and four times with 200 ml of first strand buffer (Invitrogen, Karlsruhe, Germany). First strand synthesis was carried out in a volume of 90 ml containing first strand buffer, 10 mM DTT (both Invitrogen), 0.5 mM of each dATP, dCTP, dGTP and dTTP (Promega, Mannheim, Germany), 1 ml RNAseOUT and 4.5 ml SuperScript TM III RNase H À reverse transcriptase (both Invitrogen). The reaction was incubated for 5 min at 37 C, 60 min at 50 C and 15 min at 70 C. The volume of the second strand synthesis was downsized to 160 ml. After the second strand synthesis, the cDNA was digested with 50 U of the anchoring enzyme Hsp92II (an isoschizomer of NlaIII, Promega) in the buffer provided by the manufacturer in a reaction volume of 200 ml at 37 C for 1 h. The volume of the linker ligation was reduced to 10 ml. The cDNA tags were released by digestion with 2-8 U of the tagging enzyme MmeI (NEB, Frankfurt a.M., Germany) in 200 ml of the supplied buffer in the presence of 50 mM S-adenosylmethionine at 37
C for 1 h. The longSAGE tags were ligated as described by Saha et al. (9) , diluted (1:175) and amplified with non-biotinylated primers for 26 cycles. All SAGE libraries were prepared from 96 pooled PCR reactions, purified by PC8 extraction and ethanol precipitation and digested with 200 U Hsp92II (Promega) in the buffer provided with the enzyme in a reaction volume of 200 ml for 1 h at 37 C. After the Hsp92II digestion, the PCR products were separated on a 12% polyacrylamide gel (19:1 acrylamide:bisacrylamide) and the ditag bands were excised and electroeluted at 4 C in 1· TAE for 2 h at 150 V (Elutrap system, Schleicher & Schuell, Dassel, Germany). Following the electroelution, the ditags were PC8 extracted, ethanol precipitated and resuspended in 7 ml of loTE (3 mM Tris-HCl, pH 7.5; 0.3 mM EDTA). Ditags were concatenated for 30 min at 16 C in a 10 ml reaction containing 5 U of T4 DNA ligase HC (Invitrogen) in the buffer supplied with the enzyme. Concatenated ditags were separated on an 8% polyacrylamide gel (19:1 acrylamide: bisacrylamide). Concatemers >300 bp were excised and electroeluted at 120 V for 30-60 min. After PC8 extraction and ethanol precipitation, the concatemers were cloned as described in the MicroSAGE protocol. The resulting long-SAGE libraries consisted of more than 10 000 clones with an insert length of >600 bp. Sequencing of the libraries was carried out by MWG (MWG Biotech, Ebersberg, Germany).
LongSAGE tags were extracted from the sequence files with SAGE-PHRED 2003 software (can be obtained from je@bio.aau.dk) with the minimum quality of each base within a tag sequence set to PHRED20 and the maximum ditag length set to 36 (flanking CATGs not included), statistical analysis (Z-test) was carried out with the program SAGEstat (16) prior to normalization of the tag counts.
aRNA-longSAGE library production
For the validation of our aRNA-longSAGE protocol, aRNAlongSAGE libraries with $40 ng total RNA (amount of total RNA was estimated with an RNA 6000 Pico LabChip 1 on a Bioanalyzer platform) as starting material were generated from two cell lines (HeLa and Caco-2). For these two aRNA-longSAGE libraries, 1.2 mg of antisense amplified RNA (generated in one round of linear RNA amplification) was used for library production.
For aRNA-longSAGE library generation of the microdissected material, at least two RNA single-round amplifications were pooled for each library, which resulted in 1.3 mg (PanIN-2 library), 2.3 mg (pancreatic ductal cell library) and 8.9 mg (acinar cell library) aRNA as starting material for the respective libraries.
The aRNA was adjusted to a final volume of 10 ml with DEPC-H 2 O. Two microlitres of SAGE-random primer (5 0 -NNN NNN CAT G-3 0 , MWG Biotech), 125 ng/ml) and 1 ml dNTP-Mix [10 mM each of dATP, dCTP, dGTP and dTTP (Promega)] were added to the aRNA and the mixture was incubated at 65 C for 5 min and then frozen on dry ice. The reaction mixture was placed on ice and the following reagents (all from Invitrogen) were added to complete the reverse transcription reaction: 4 ml first strand buffer, 1 ml 0.1 M DTT, 1 ml RNaseOUT, 1 ml SuperScript TM III RNase H À reverse transcriptase. The reaction was incubated for 5 min at 37 C, 60 min at 50 C and 15 min at 70 C. After the addition of 1 ml of RNase H (2 U/ml, USB, Cleveland, OH), the sample was incubated at 37 C for 20 min. Afterwards, the sample was diluted with 79 ml DEPC-H 2 O and mixed with 200 ml Dynabeads Oligo(dT) 25 (Dynal Biotech) that had been resuspended in 100 ml binding buffer (Dynal Biotech). Oligo(dT) beads and the first strand cDNA were annealed by rotating on an overhead shaker for 15 min at room temperature. The beads were washed twice with 200 ml of washing buffer B (Dynal Biotech), four times with 200 ml of second strand buffer (18.8 mM Tris-HCl, pH 6.9, 90.6 mM KCl, 4.6 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 0.15 mM b-NAD) and resuspended in 112.25 ml of ice-cold DEPC-H 2 O.
Second strand synthesis and all the other steps of longSAGE library generation were performed according to the MicrolongSAGE protocol described above. A detailed aRNAlongSAGE protocol can be obtained from the authors.
Northern blotting
Northern blots and hybridization were performed as described previously (17) . Equal loading of the northern blots was assured by assessing the signal intensities of the 28S and 18S rRNA bands. Autoradiographic figures were prepared using a Typhoon 9400 (Amersham Biosciences, Freiburg, Germany) PhosphorImager system. Signal intensities were quantified using Image Quant 5.2 software (Amersham Biosciences). Probes for the individual genes used for hybridization were derived from IMAGE clones obtained from RZPD (Berlin, Germany) which were sequence-verified prior to probe labeling.
Quantitative real-time PCR cDNA was synthesized using 1 mg of total RNA, oligo(dT) 18 primers and SuperScript TM III RNase H À reverse transcriptase (Invitrogen) following the manufacturer's protocol. Four parallel cDNA syntheses were carried out, diluted to a final volume of 50 ml with 1· first strand buffer and pooled. Two such pools were prepared on different days ('cDNAs-1' and 'cDNAs-2'). Primer sets for quantitative real-time PCR (qRT-PCR) were generally designed using Primer Express 2.0 software (Applied Biosystems, Foster City, CA) and can be obtained from the authors. For several housekeeping genes (GAPD, HMBS, HPRT1, UBC, YWHAZ), published primer sequences were used (18) . qRT-PCR was performed using a SYBR Green I reaction mixture containing 75 mM Tris-HCl, pH 8.8, 20 mM ammonium sulfate, 0.01% (v/v) Tween-20, 2 mM MgCl 2 (all Sigma-Aldrich, Munich, Germany), 1 ml of a 600-fold dilution of SYBR Green I (BioWhittaker, Rockland, ME), 2.5 U Taq polymerase (NEB) and 0.2 mM of forward and reverse primer (QIAgen, Hilden, Germany) in a final reaction volume of 20 ml. Reactions were run on a DNA Engine Opticon 1 2 cycler (MJ Research, Waltham, MA). The cycling conditions consisted of 3 min initial denaturation at 94 C and 40 cycles at 94 C for 30 s, 60 C for 30 s, 72 C for 30 s and 80 C for 3 s. Fluorescence was measured at the last step of each cycle. Melting curves were obtained after each PCR run and showed single PCR products. cDNAs were run in triplicate, non-RT (without reverse transcriptase) and no-template controls were run in duplicates. C(T) values of non-RT controls were at least eight cycles higher than C(T) values of the corresponding cDNAs.
PCR efficiencies were determined using serial dilutions of a 1:1 mixture of HeLa and Caco-2 cDNA. Expression levels for the genes of interest and for housekeeping genes were measured for cDNAs-1 and cDNAs-2 in independent PCR runs. Expression ratios were calculated as described by Pfaffl (19) using the geometric mean expression of the housekeeping genes GAPD, HMBS, HPRT1, PPIA, UBC and YWHAZ to normalize the expression data for the genes of interest.
RESULTS
For the analysis of microdissected pancreatic cells via SAGE, we attempted to adapt the cDNA synthesis step for SAGE library production in such a manner that amplified aRNA produced via the well-established and validated linear RNA amplification method introduced by Eberwine et al. could be used directly as the starting material.
To be able to use linearly amplified aRNA as the starting material for the generation of SAGE libraries, we modified the cDNA synthesis steps in the SAGE protocol as follows. First of all, the aRNA was reverse transcribed with a random primer that included the recognition site of the SAGE anchoring enzyme NlaIII (SAGE-random primer 5 0 -NNN NNN CAT G-3 0 , Figure 1 ). The recognition site for NlaIII was introduced, because we wanted to specifically enrich for target sequences that are needed for subsequent steps in the SAGE protocol. The RNA was then removed from the resulting DNA-RNA hybrid by digestion with RNase H. At this point, the cDNA first strand corresponds to the mRNA before amplification and has a 3 0 poly(A) tail which can be annealed to magnetic oligo(dT) beads. After coupling of the first strand synthesis product to the magnetic beads, the (dT) 25 oligonucleotide linked to the beads served as primer for the second strand cDNA synthesis step. The resulting cDNA can be used directly in either the conventional MicroSAGE protocol or the Micro-SAGE protocol modified for longSAGE (9) .
The cDNA that is generated with our protocol carries at its 3 0 end the recognition site for the anchoring enzyme Hsp92II (CATG) followed by six additional base pairs. After completion of the cDNA synthesis, the next step in the SAGE protocol requires digestion with the anchoring enzyme. In order to assess whether the 6 bp next to the recognition site was sufficient to ensure complete Hsp92II digestion of the cDNA, we used the PCR technique to generate a 344 bp fragment of the elongation factor 1 alpha 1 transcript, which contained a terminal 6 bp overhang 3 0 next to the CATG site. Digestion of 1 mg of this PCR product with Hsp92II under the conditions we used for the digestion of the cDNA during longSAGE library generation showed the required complete digestion of the PCR product (Figure 2) .
To validate our modified protocol and to keep our validation experiments as close as possible to the application we were aiming at (differential expression analyses of microdissected cells), we chose to compare the differences Figure 1 . Scheme of the modified cDNA synthesis protocol within the aRNA-longSAGE procedure. Figure 2 . Digestion of the PCR product EF alpha with the anchoring enzyme Hsp92II. The PCR product EF alpha was generated with the primers 5 0 -CAA GCCCATGTGTGTTGAG-3 0 and 5 0 -GAAAACCAAAGTGGTCCAC-3 0 using cDNA from the cell line BxPC3 as template. One microgram of the EF alpha PCR product was digested with 50 U Hsp92II in 200 ml reaction volume. Fifty nanograms of PCR products before ('EF alpha') and after digestion with Hsp92II ('EF alphaDHsp92II') were separated on an 8% polyacrylamide gel (80:1 acrylamide:bisacrylamide) and silver stained. The stained gel was scanned with a UMAX Mirage II Scanner and edited using the program Corel Photo-Paint (values set to brightness: 33; contrast: 33; intensity: 14).
in gene expression between two cell lines (HeLa and Caco-2) under 'non-amplified' (starting with total RNA) versus 'amplified' (starting with aRNA) conditions. Thus, we generated the Micro-longSAGE libraries 'HeLa' (14 766 tags sequenced) and 'Caco-2' (11 222 tags sequenced) as well as the aRNA-longSAGE libraries 'HeLa-amp' (8967 tags sequenced) and 'Caco-2-amp' (13 502 tags sequenced). The percentage of unique tags identified was consistently higher in the Micro-longSAGE libraries (67% for both libraries) than in the aRNA-longSAGE libraries (53% in Caco-2-amp and 54% in HeLa-amp), whereas the percentage of tags found more than once was consistently higher in the aRNA-longSAGE libraries (20% in both Caco-2-amp and HeLa-amp) than in the Micro-longSAGE libraries (15% in both Caco-2 and HeLa; see also Table 1 ).
Subsequently, tag counts were compared and analyzed for statistically significant differences among the 'reference libraries' (Micro-longSAGE) derived from HeLa and Caco-2 total RNA as well as among the 'test libraries' (aRNAlongSAGE) derived from the same total RNAs. For the reference libraries, the comparison of expression profiles between HeLa and Caco-2 cells yielded 71 differentially expressed genes with a P-value below 0.01. Of these 71 genes, 52 (73%) were also found in the test libraries (HeLa-amp versus Caco-2-amp) with a high (26 genes with P < 0.01; Table 2 ) to moderate (26 genes with 0.01 < P < 0.2) probability of being differentially expressed. For 50 of the 52 (96%) genes found in both the reference and test libraries, the direction of the gene regulation was concordant. For the remaining 19 genes that were differentially expressed according to the Percentage of tags with a given tag count among the number of unique tags. Micro-longSAGE analysis, either no tags were found in the aRNA-longSAGE analysis (five genes) or the difference in tag counts was not significant (14 genes with P > 0.2).
The comparison between the test libraries HeLa-amp and Caco-2-amp yielded a total of 134 statistically significant (P < 0.01), differentially expressed genes (Supplementary Table 1 ). Of these 134 genes, 68 were also found to be differentially expressed in the reference libraries with a high (26geneswithP<0.01)ormoderate(42geneswith0.01<P<0.2) statistical probability. The direction of regulation between the reference and test libraries was concordant for 63 of these 68 (93%) genes. The remaining 66 genes were either found not to be regulated or were not found at all in the reference libraries and were therefore considered to be potential candidates for newly identified, differentially expressed genes.
Next, we sought to confirm a representative number of genes found to be differentially regulated in the aRNA-long-SAGE libraries (P < 0.01) using independent technologies. We hypothesized that the confirmation rate would likely reach an optimum for highly significant, differentially expressed genes (P < 0.01) found in both the amplified and non-amplified libraries. Therefore, to get a conservative estimation, we chose to validate via standard northern blots (n = 15; Figure 3 ) or qRT-PCRs (n = 10; Table 3 ) a representative number of genes which either were also differentially expressed in the reference libraries with a moderate P-value (n = 12) or belonged to the genes not identified as being differentially expressed in Micro-longSAGE (n = 13). The confirmation rate was higher for the first group of genes (9/12; 75%) than it was for the second group (8/13; 62%). Northern blots of genes found to be differentially expressed between Caco-2 and HeLa cells by the aRNA-longSAGE protocol. Asterisk, genes that were also found to be differentially expressed in Micro-longSAGE with a moderate P-value (0.01 < P < 0.2); C, Caco-2; H, HeLa; tags, tag counts for aRNA-longSAGE; C/H, expression ratio Caco-2/HeLa; 18S, 18S rRNA; 28S, 28S rRNA. Electropherograms of total RNA are given as a loading control. Only the variable part of the 21 bp longSAGE tag is shown. The corresponding 21 bp tag can be obtained by adding the NlaIII recognition site CATG 5 0 to the variable part of the tag. b Genes also found to be differentially expressed in Micro-longSAGE with a moderate P-value (0.01 < P < 0.2).
Taken together, with our conservative strategy for 17 of 25 genes (68%), the direction of regulation could be confirmed without regard to the magnitude of the expression ratio. Confirmed genes reached a minimum expression ratio of 1.3 in either direction in the qRT-PCR or the northern blot experiments.
The expression ratios from qRT-PCRs and northern blots were generally lower than the corresponding expression ratios from aRNA-longSAGE experiments.
Having thus established that our protocol can be used to generate reliable longSAGE libraries from as little as 40 ng total RNA, we went on to use microdissected cells as the starting material. RNA was isolated from 2000 microdissected cells from PanIN-2 lesions, 2500 microdissected acinar cells and 3000 microdissected normal pancreatic ductal cells yielding 40-200 ng total RNA (for an elecropherogram of total RNA see Figure 4 ). One round of T7-based amplification yielded 1.3 mg (PanIN-2 cells, Figure 4 ), 8.9 mg (acinar cells) and 2.3 mg (pancreatic ductal cells) aRNA, which was subsequently used to produce aRNA-longSAGE libraries (for an example of ditag PCR see Figure 5 ).
From the PanIN-2, ductal and acinar cell longSAGE libraries, we sequenced 42 808, 31 767 and 44 137 tags (without linker tags), respectively. The validity of the gene expression profiles was judged by comparing the normalized tag counts of typical acinar and ductal marker genes in the acinar cell library with their respective tag counts in the ductal cell library (Table 4 ). The cytokeratin profile typical for both acinar and ductal pancreatic cells [KRT8 and KRT18 for acinar cells, KRT7, KRT8, KRT18 and KRT19 for ductal cells (20) ] was detected in the aRNA-longSAGE libraries. Typical acinar marker genes were found with high tag counts in the acinar cell aRNA-longSAGE library but with very low tag counts in the ductal aRNA-longSAGE library indicating a high quality of the manual microdissection procedure. Similar results were also obtained with the PanIN-2 library.
An initial search for genes differentially expressed in our PanIN-2 lesions in comparison with the ductal cell aRNA-longSAGE library identified S100 P and mucin 5AC as the two genes that were most highly upregulated in our PanIN-2 library. Both genes are known to be upregulated in PanIN-2 cells [J. L€ u uttges, personal communication; (21, 22) ]. In addition, several other genes found to be differentially expressed in our study had previously been shown to be either upregulated or downregulated in pancreatic ductal adenocarcinoma (Supplementary Table 2 ).
DISCUSSION
Differential gene expression analysis of microdissected tissue has become an important approach enabling scientists to define gene expression patterns of specific cell types from normal and pathological tissues. The minimum amount of starting RNA required to perform expression analysis using standard protocols for the two most commonly used technology platforms, microarrays and SAGE, generally cannot be isolated from microdissected tissues.
This limitation was overcome for microarray experiments with the introduction of the linear amplification of RNA using T7 RNA polymerase (1) . Importantly, a number of research groups have shown that the correlation between expression profiles generated through amplified aRNA versus total RNA as starting material is sufficiently good to allow reliable profiling of gene expression with limited starting material (23) (24) (25) (26) . For SAGE, it was previously not possible to use the aRNA produced by the available standard protocols directly as starting material. Here, we present a method that overcomes this limitation. Our method, termed aRNAlongSAGE, is based on an alternative cDNA synthesis approach using aRNA in combination with an NlaIII-anchored random primer for first strand cDNA synthesis, followed by on-bead second strand synthesis (Figure 1) .
To validate our aRNA-longSAGE protocol, we prepared two Micro-longSAGE 'reference' libraries and two aRNAlongSAGE 'test' libraries from two different cell lines (HeLa and Caco-2) and compared the expression profiles obtained from reference and test libraries. Of the 71 differentially expressed genes (P < 0.01) identified with the reference libraries (Micro-longSAGE), 52 (73%) were also identified in the test libraries (aRNA-longSAGE) with a high to moderate probability of differential expression. Importantly, nearly all of these genes (50 of 52; 96%) were found with the same direction of regulation. Taken together, our data indicate that aRNA-longSAGE is able to maintain 70% (50/71) of the differences identified in the reference libraries. This identification rate is somewhat lower than what has been reported for similar experiments using microarrays, which show an identification rate of 81-94% (24, 25) . A possible explanation for this discrepancy is the limited number of tags we collected for each of the test and reference libraries.
To get a conservative estimate for the confirmation rate of the 134 genes identified as being differentially expressed by aRNA-longSAGE, we validated a representative number of genes which either were also differentially expressed in the reference libraries with a moderate P-value or belonged to the candidates for newly identified genes (Supplementary Table 1 ). qRT-PCR or northern blot analyses of 25 genes using the original total RNA confirmed the direction of differential expression for 17 (68%) of these genes. Our data are comparable to the data from a study by Polacek et al. (25) , who reported a concordance rate of 67% between microarray results generated with aRNA and qRT-PCR using total RNA. Our confirmation rate is likely to be an underestimation because we did not analyze genes which were found to be differentially expressed with a high statistical significance in both the test and reference libraries.
The number of differentially expressed genes identified by aRNA-longSAGE was almost twice as high as for the analysis using the conventional Micro-longSAGE protocol (134 genes with P < 0.01 versus 71 genes with P < 0.01). The higher overall discovery rate for differentially expressed genes using aRNA-longSAGE is in good agreement with previous reports of microarray analyses with aRNA as starting material (24, 25) . A possible explanation for this improved discovery rate is either the preferential amplification of certain sequences during the T7-based amplification of RNA or the preferential reverse transcription of certain sequences during the random-primed reverse transcription of aRNA, which is part of our aRNA-longSAGE protocol. Therefore, both enzymatic steps potentially lead to some reduction of the complexity of the amplified library. Our observation that the overall number of identified unique tag sequences was reduced in the amplified library supports this notion (Table 1) . Furthermore, this reduction led to a higher overall tag count per individual tag sequence and thus a greater number of genes reached the threshold required to be statistically significant ( Table 1 ). The identified tendency toward an overestimation of the expression ratios by aRNAlongSAGE has also been reported previously for standard SAGE experiments (27) .
The current literature contains one SAGE protocol that also includes T7-RNA polymerase amplification in order to augment the starting material prior to SAGE library production. This method, called small amplified RNA-SAGE by Vilain et al. (14) , is a modified RNA amplification procedure combined with the standard SAGE protocol. The RNA amplification by in vitro transcription takes place after the on-bead cDNA synthesis, digestion of cDNA with NlaIII and ligation of a linker that contains the T7 RNA promoter. This protocol, therefore, has the drawback of introducing two additional enzymatic steps (an additional digestion of cDNA with NlaIII and subsequently an additional linker ligation both analogous to the steps carried out subsequently during the standard SAGE protocol) to the RNA amplification procedure introduced by Eberwine et al. (1) , which is likely to reduce the overall yield of amplified material. Although the amount of amplified RNA generated by small amplified RNA-SAGE has not been reported by Vilain et al., the amplification yield is likely to be reflected in the amplification conditions used for the subsequent ditag PCR step. The aRNA-longSAGE protocol involved pooling of 96 ditag PCR reactions run at 26 cycles compared to the pooling of 192 reactions run at 30 cycles required by the small amplified RNA-SAGE protocol (14) . As both protocols started with roughly the same amount of total RNA (40 ng for aRNA-longSAGE and 50 ng for small amplified RNA-SAGE), the RNA amplification step in the aRNA-longSAGE procedure is likely to be more efficient than the RNA amplification step in the procedure described by Vilain et al.
The standard RNA amplification procedure used herein is generally able to produce at least 1.2 mg of aRNA from 40 ng of total RNA. This aRNA input for the aRNA-longSAGE protocol corresponds to $100 mg of total RNA. Therefore, it could be speculated that the aRNA-longSAGE protocol also works with much less input total RNA, but most likely at the expense of higher PCR cycle numbers which may have the drawback of increasing the PCR amplification bias during the ditag amplification step.
Another potential disadvantage of the protocol published by Vilain et al. is that up to 5% of T7-linker tags are identified in their SAGE libraries, increasing the sequencing effort for SAGE data generation.
Finally, our aRNA-longSAGE protocol in contrast to the small amplified RNA-SAGE procedure allows the direct use of aRNA produced by standard protocols for the creation of SAGE libraries, thus offering the opportunity to use the same pool of amplified RNA for microarray experiments and for the generation of a complementary SAGE library.
Comparing the pancreatic ductal and acinar cell aRNAlongSAGE profiles with each other, we readily identified a number of known acinar and ductal cell-specific genes (Table 4) . Furthermore, we found only few acinar cell specific gene tags in the ductal cell preparation, confirming the high purity of our cell pools generated through manual microdissection.
Comparing the PanIN-2 and the ductal library, the two most highly upregulated genes identified, S100 P and MUC5AC, have previously been shown to be upregulated in PanIN-2 lesions [J. L€ u uttges, personal communication; (21, 22) ]. In an ongoing study, we are aiming at the confirmation of additional candidate genes by immunohistochemistry (IHC) and qRT-PCR.
In summary, the validated aRNA-longSAGE protocol presented here successfully combines microdissection and standard T7 amplification with longSAGE library production for the analysis of microdissected primary tissue samples. This method should be readily translatable to similar experiments in other tissue types.
